Abstract. We present a study of the seasonal and interannual variations of the export pathways of pollution from Europe for eleven years, 1987-1997, using The tropospheric burden of carbon monoxide from European sources varies by as much as ±20% over both western Europe and the North Atlantic Ocean and ±15% over the Arctic during the 11-year study period in winter because of interannual variations in transport. When the NAO is in the positive (negative) phase, the carbon monoxide burden from European sources tends to be lower (higher) over the North Atlantic Ocean and higher (lower) over the Arctic. Emissions of carbon monoxide and nitrogen oxides decrease by 36% and 20%, respectively, in Europe during 2 our study period, with a nearly linear, concomitant decrease in the carbon monoxide burden associated with European emissions. We find that it is necessary to consider both of these factors when interpreting trends in observed trace gas concentrations over Europe. Our work should be seen as an exploratory study that could help in the design of measurement networks and field campaigns dedicated to the sampling of European pollution, as only sparse observations are available in these regions affected by it.
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Introduction
Trace gases and aerosols (e.g., ozone (O 3 ) and it precursors, carbon monoxide (CO), persistent organic pollutants (POPs), mercury, desert dust) can undergo long-range transport (LRT) and impact the tropospheric composition thousands of kilometers downwind from their source regions. There is clear evidence of LRT from regions experiencing biomass burning [e.g., Hsu et al., 1996; Chatfield et al., 1998; Wotawa and Trainer, 2000; Forster et al., 2001; Rogers and Bowman, 2001; Chatfield et al., 2002] and from the main industrial regions of North America, Europe, and East Asia [e.g., Jaffe et al., 1997; Stohl and Trickl, 1999; Pochanart et al., 2003; Stohl et al., 2003; Trickl et al., 2003] . Recently, researchers have focused on the intercontinental transport of O 3 and its precursors between North America, Europe and East Asia [Berntsen et al., 1999; Jacob et al., 1999; Jaffe et al., 1999; Collins et al., 2000; Fiore et al., 2002a; Prather et al., 2003; Stohl et al., 2003; Trickl et al., 2003] . However, there are still major uncertainties of how LRT i. affects the global budget of tropospheric O 3 (the third most important greenhouse gas after carbon dioxide and methane [IPCC, 2001] ) and ii. influences regional photochemical episodes. Li et al. [2002a] , for example, estimated that 20% of the violations of the European Council O 3 standard would not have occurred in the summer of 1997 without North American anthropogenic emissions. Collins et al. [2000] estimated that for summertime O 3 over Europe to remain relatively constant in the next few decades, about a 50% decrease in European emissions of nitrogen oxides (NO x ) will be necessary to offset the expected increase in the Northern Hemisphere background O 3 . Prather et al. [2003] reported the predictions of several models on future background O 3 through the twenty-first century. They estimated that background O 3 near the surface in the Northern Hemisphere will be about 5 ppbv higher by 2030 and possibly greater than 20 ppbv by 2100.
There were several aircraft campaigns that explored the continental outflow of North America (e.g., NARE [Fehsenfeld et al., 1996] ) and Asia (e.g. PEM-West B [Hoell et al., 1997] , TRACE-P ). The observations of trace gases from these experiments provide a valuable snapshot of the continental outflow's composition, its transport pathways, and help to constrain global model simulations of pollution export [e.g., Bey et al., 2001a; Liu et al., 2003] . Surprisingly, there have been few studies, either experimental or model-based, devoted to the export of European pollution. Previous model studies and observations indicate that the export of European pollution occurs to Russia, the Arctic, East Asia, and Africa. Stohl et al. [2002] found that export occurs predominantly from Europe to the northeast over Russia year-round, though not as strongly in summer, and accumulates in the Arctic Circle, especially in winter.
European pollution was identified in the 1980s as the main contributor to thick layers of haze seen throughout the Arctic, especially in winter when the air over the Arctic is more stagnant than in summer [e.g., Schnell, 1984; Iversen, 1984; Shipman et al., 1992; Lamarque and Hess, 2003 and references therein] . The Arctic Haze phenomenon diminishes in summer due to more frequent pollutant scavenging of the Arctic troposphere by summer rains, changes in the largescale circulation, and less air stagnation in the Arctic [Shipman et al., 1992; Klonecki et al., 2003; Lamarque and Hess, 2003] . Wild and Akimoto [2001] used a chemical tracer model to also find that European O 3 and its precursors tend to accumulate in the Arctic. In addition, they found that in North America, O 3 produced from European pollution contributes nearly equally as O 3 produced from Asian pollution. They attributed this to the transport of European pollution via the Arctic, which is a shorter pathway than mid-latitude transport around the globe.
Some European pollution that is exported to Russia travels around the northern edge of the Siberian High to the industrial regions of East Asia. Model studies have shown that CO from Europe is an important component of total CO exported from East Asia in winter and spring [Bey et al., 2001a; Staudt et al., 2001] . Newell and Evans [2000] performed back-trajectory analyses to estimate that up to 40% of the air arriving in East Asia in winter may be polluted by European sources, with a minimum contribution in summer. Stohl et al. [2002] described the southward flow of European pollution in summer over the Mediterranean Basin and into Africa. Lelieveld et al. [2002] reported that 60-80% of CO in the boundary layer over the Mediterranean in summer is attributable to European sources and that the 8-hour mean O 3 standard of 55 ppbv is exceeded regularly there because of European pollution. Hamelin et al. [1989] deduced from lead isotopes measurements from Barbados in the western Atlantic that isotopes from Europe were exported to Africa and then transported across the Atlantic Ocean to Barbados in the trade winds.
The export of Europe pollution mainly occurs at low altitudes at all times of the year and convection becomes a minor, but non-negligible, export pathway in summer [Wild and Akimoto, 2001; Stohl et al., 2002; Traub et al., 2003] . Only a few episodes of vertical lifting of pollution over Europe have been reported in the literature. Using measurements of nonmethane hydrocarbons performed during the European Export of Precursors and Ozone by Long-Range Transport (EXPORT) experiment in August 2000 , Purvis et al [2003 observed rapid lifting of pollution due to convection embedded within a cold front. Hov and Flatøy [1997] estimated from model results over two 10-day periods in summer that between 7 and 12% of NO x emissions were lofted by convection from the boundary layer as NO x and 13-15% as peroxyacetylnitrate (PAN) and nitric acid (HNO 3 ). Fischer et al. [2003] reported a deep convective event over the Mediterranean in which pollution was injected into the stratosphere.
The Warm Conveyor Belt (WCB) is an important mechanism that lifts pollution from the surface to upper troposphere, especially in East Asia and eastern North America [Bethan et al., 1998; Stohl and Trickl, 1999] . Stohl [2001] , however, pointed out that WCBs rarely originate near Europe and are not a mechanism to lift European emissions.
The present study is intended to give a comprehensive view of the export of pollution from Europe, using the GEOS-CHEM 3-D model of transport and chemistry in the troposphere [Bey et al., 2001b] . We identify the various export pathways in different seasons and examine the factors that contribute to the interannual variability of export from 1987 to 1997. We use CO as a tracer of anthropogenic pollution because it has a long lifetime relative to the time-scales of transport and can be easily associated to a given geographical source region in the model. As it will be shown in the following sections, only sparse observations are available in regions downwind of Europe. Thus, our work should be seen as an exploratory study that could help for the design of field campaigns dedicated to the sampling of exported European pollution.
We describe the GEOS-CHEM model in Section 2 and evaluate it with observations of CO where available. We discuss export pathways in fall, winter, and spring in Section 3, as well as their year-to-year variations. We find that there are two principal causes of the interannual variations in the export of pollution: i. changes in meteorology primarily associated with the North Atlantic Oscillation (NAO); and ii. changes in European fossil fuel emissions. In Section 4, we discuss the interannual variations of the summertime export of European pollution and assess the impact of the transport of European pollution on summertime O 3 in northern Africa and the Near East. We present a summary of conclusions in Section 5.
GEOS-CHEM Model Description
We use the GEOS-CHEM 3-d model of transport and trace gas/aerosol chemistry, first described by Bey et al. [2001b] . We employ version 5.04 of the model (http://wwwas.harvard.edu/chemistry/trop/geos/index.html). The model captures interannual variations in transport as it is driven by assimilated meteorological data from the Goddard Earth Observing System Data Assimilation Office (GEOS DAO) [Schubert et al., 1993] . Two versions of GEOS assimilated meteorological data are required for our study period: GEOS-1 (January, 1987 -November, 1995 and GEOS-STRAT (December, 1995 -December, 1997 . The meteorological fields are provided on a sigma coordinate system with 20 vertical levels for GEOS-1 to 10 hPa, and 46 levels for GEOS-STRAT to 0.1 hPa. For computational expedience, we degrade the vertical resolution of the GEOS-STRAT fields by merging the vertical levels above the lower stratosphere, retaining a total of 26 levels. The sigma vertical levels of the model are given in Bey et al. [2001b] . All meteorological data are provided as 2º latitude by 2.5º longitude horizontal resolution.
The model's emissions from fossil fuel combustion vary annually to capture important changes during our study period. We use the same 1985 base emissions inventory for CO and NO x as Wang et al. [1998] . Emissions for individual countries are scaled from the 1985 values [Bey et al., 2001b] Figure 1 shows the annual emission rates of CO and NO x in 1987. The highest emission rates are generally in western Europe, but there are relatively high emission rates over much of the continent. Figure 1 shows also the ratio of the annual emission rates in 1997 to 1987 for CO and NO x . The emission rates decline most everywhere, except the Iberian Peninsula and Poland.
Model Simulations
We first performed an 11-year period simulation from January 1987 to December 1997 with a 4º latitude x5º longitude horizontal resolution. This simulation carries 24 trace gases and includes a comprehensive description of O 3 -NO x -NMHC chemistry, as well as the radiative and heterogeneous effect of aerosols. We do not show the results of this simulation in this manuscript. We use the monthly mean hydroxyl radical (OH) fields archived from this first experiment to conduct a 2ºx2.5º horizontal resolution, CO-only simulation, first described in Bey et al. [2001b] and Staudt et al. [2001] , to which we refer to as SIM-TAGCO. Eighteen CO tracers are transported, tagged by their source region, to resolve the contribution of various sources to total CO over the whole study period. For example, "European" CO refers to CO emitted from fossil fuel combustion in Europe, which we use to identify the export pathways of pollution. The OH fields are used to calculate the loss of CO and production of CO by methane oxidation. CO production from the oxidation of nonmethane hydrocarbons (NMHC) emitted from fossil fuel combustion is accounted for by increasing the direct CO emissions by 20% [Duncan et al., 2003b] . CO concentrations from the full-chemistry run are reproduced closely in the CO-only run when CO from all tracers is summed.
We conducted two other CO-only simulations (SIM-FF87 and SIM-MET87) to separate the impact of changing emissions from the impact of variations of transport on export from Europe.
The SIM-FF87 simulation is the same as the SIM-TAGCO simulation, except that it uses fixed annual fossil fuel emissions to values for 1987 for the entire 11-year period. The SIM-MET87 simulation is also the same as the SIM-TAGCO simulation, but uses the meteorological fields of 1987 for all eleven years instead of the fields specific to each year.
Finally, we performed two additional experiments (SIM-SUM1 and SIM-SUM2) to understand the impact of European emissions on summertime O 3 . SIM-SUM1 is a standard O 3 -NO x -NMHC chemistry simulation as previously described for May to July 1994, but uses a 2ºx2.5º horizontal resolution. SIM-SUM2 is the same as SIM-SUM1, except that we 'turn off' European fossil fuel emissions of trace gases, from 10ºW to 60ºE and 35º-70ºN. In the same region, black and organic carbon aerosols are zeroed. Organic carbon aerosols are predominantly of anthropogenic origin, although terpene oxidation is a relatively minor source over Europe.
Model Evaluation
Extensive evaluations of the model's output and observations of CO, O 3 , NO x , etc. are presented in a number of papers, which give confidence in the ability of the model to reproduce the general features of tropospheric chemistry [Bey et al., 2001ab; Li et al., 2001; Palmer et al., 2001; Chandra et al., 2002; Fiore et al., 2002ab; Li et al., 2002ab; Liu et al., 2002; Martin et al., 2002ab; Duncan et al., 2003a; Martin et al., 2003; Palmer et al., 2003] . Auvray et al. [2003] presented an evaluation of model O 3 from an O 3 -NO x -NMHC simulation over Europe, using observations from the EMEP network [EMEP, 2002] , vertical profiles from ozonesondes [Logan, 1999] , and the Measurement of Ozone and Water Vapor by Airbus In-Service Aircraft (MOZAIC) program [Marenco et al., 1998 ]. They found that the model reasonably reproduces O 3 over Europe in the whole troposphere with the exception that O 3 is overestimated at some surface sites in summer.
In this manuscript, we focus on a model evaluation using total column and surface CO observed in and downwind of Europe for 1987 to 1997. The geographical location of each measurement station is given in Table 2 . We evaluate the model's performance using the Pearson linear correlation coefficient, R, with the number of monthly-averaged observations, N, common to the time period of the model simulation [Press et al., 1989] (Table 2) . It is important to note that part of the correlation is driven simply by the model's ability to capture the seasonal cycle of observed CO. Nevertheless, we believe R 2 gives some quantitative indication of model performance. We estimate also the mean bias of the model at each measurement station, where a positive bias means that the model tends to over-predict the observed concentrations.
Unfortunately, there are few long-term observations with which to compare our model during our study period in the regions impacted by European pollution. Switzerland [Mahieu et al., 1997] and Zvenigorod, Russia [Yurganov et al., 2002] . There are about five observations each month to create the monthly average at Jungfraujoch and about three in winter and eight in summer at Zvenigorod, though there are no observations for some months. The model reproduces reasonably well the seasonality and year-to-year variations of CO at these sites. The R 2 's between model and observations at Jungfraujoch and Zvenigorod are 0.52 and 0.43, respectively. There is no bias at Jungfraujoch, but there is a negative, timedependent bias at Zvenigorod. The model tends to under-predict the CO column at Zvenigorod in the latter half of our study period. Although, Yurganov et al. [2002] reported that systematic and slowly-varying errors may be as high as ± 5-6% in the observations, this under-prediction could also indicate that the downward trend in the model's European CO emissions is overpredicted.
Surface CO is measured routinely around the world as part of the cooperative National
Oceanic and Atmospheric Administration (NOAA)/Climate Monitoring and Diagnostics Laboratory (CMDL) flask sampling program [Novelli et al., 1992] . (Table 2) . However, most of the stations in Europe have statistically significant positive mean biases (5.9-19.4%), except at Hegyhatsal, Hungary which has a statistically significant negative mean bias (i.e., -8.6%), and Constanta, Romania and Terceira Island, Azores, which have no mean biases. The positive mean biases at the higher latitude stations are likely associated with the way we account for the production of CO from the oxidation of anthropogenic NMHC in the CO-only simulation as discussed in Section 2.1, which causes total CO to be over-predicted near the fossil fuel source regions, especially in winter when the lifetimes of NMHCs are long.
The model reproduces much of the interannual variations of CO at the NOAA/CMDL sites.
For example, Mace Head, located on the west coast of Ireland, is subjected alternately to relatively clean air from the Atlantic Ocean and polluted air from the European continent [Simmonds et al., 1997; Cape et al., 2000] . The strong interannual variations of the observations at this site are associated with interannual variations in transport [Allen et al., 1996] . However, some individual high months, such as February 1994 at Hegyhatsal, Hungary, are not captured by the model or are under-predicted as at Mace Head. Part of the discrepancy between the model and observations may be due to the fact that the monthly-average model CO is the average of the entire month, while the number of observations that were used to create the monthly-averaged values typically range anywhere from 3 to 20.
We find much better agreement between model CO and observations in adjacent model boxes for three sites: Baltic Sea (BAL), Hegyhatsal, Hungary (HUN), and Sede Boker, Israel (WIS).
The statistics shown in Table 2 and the model data plotted in Figure 
Winter
The main features of wintertime circulation in the Northern Hemisphere are seen in Figure The SLP standard deviation from 1987 to 1997 in Figure 4b reveals that there is a high degree of year-to-year variation over the North Atlantic Ocean and Europe (i.e., 5-10 mb), especially between Iceland and Norway (i.e., 10-15 mb), the highest variation in the Northern Hemisphere.
Much of this variability is associated with the climate phenomenon, the North Atlantic Oscillation (NAO), which accounts for more than one-third of the total variance in SLPs in winter [Hurrell et al., 2003 ]. In the extra-tropics of the Northern Hemisphere, the NAO is one of the dominant influences on climate variability from eastern North America to Siberia from fall to spring, but especially during winter [Hurrell et al., 2002] , explaining about 30% of the variance in mean surface temperature in the Northern Hemisphere during winter [Hurrell, 1996] . As we will show, the NAO strongly influences the strengths and locations of the export pathways from
Europe.
In this section, we also discuss briefly the export pathways in spring and fall. The Azores High grows and expands through spring while the Icelandic Low weakens and is displaced to the west of Iceland, and vice-versa in fall. As a result, the pressure gradients between the Icelandic Low and Azores High are generally less in spring and fall than in winter, although the export pathways are similar in the three seasons.
North Atlantic Oscillation
The NAO is described as a latitudinal redistribution of atmospheric mass over the North Atlantic Ocean. Walker [1924] and Walker and Bliss [1932] Figure 5 shows the observed and model NAOI for January from 1987 to 1997. There is a good agreement between the model and observed NAOI, which is to be expected since the model uses assimilated meteorological fields.
The January-average NAOI is negative in 1987, 1992, and 1996-97, positive in 1988-1991, and 1993-1995. In winter during our study period, the observed NAOIs for the months of December through March are positive in 22 months, neutral in 12 (i.e., -1 < NAOI < +1), and negative in 9.
The NAOI can be highly variable within a season [Hurrell et al., 2003] . Unfortunately, the station-based NAOI presented here is fixed in space and does not give all the necessary information on the spatial structure and intensity of the NAO [Hurrell et al., 2003; Jones et al., 2003] . For example, the NAOI in January 1996 is negative, which, according to the definition of the negative phase of the NAO, should be characterized by a relatively weak 
Export Pathways
We used the NASA Langley trajectory model [Pierce and Fairlie, 1993; Pierce et al., 1994 ] to compute five-day isentropic forward-trajectories to identify the major export pathways of pollution from Europe, using the model's 2° latitude by 2.5° longitude horizontal resolution wind fields described in Section 2. One trajectory was initialized for each day beginning at 00 UTC at potential temperatures of 280 K in January 1995 and 1996, 285 K in April and October 1995, and 295 K in July 1995, which represent the lower troposphere. Figures 6-9 shows 5-day forward trajectories from Moscow, Russia, Madrid, Spain, Brussels, Belgium, and Milan, Italy, respectively, for January, April, July, and October 1995, and January 1996. The trajectories remain below 600 mb or about 4 km (not shown).
The trajectories indicate that the strengths of the export pathways vary with the phase of the NAO. Three major export pathways from Europe are seen when the phase of the NAO is positive, as, for example, in January 1995 (NAO+) (Figures 6-9 ). The first pathway is controlled by the prevailing westerlies, which dominate, for example, the flow from Moscow in eastern Europe. Stohl et al. [2002] .
In January 1996, the phase of the NAO is negative, though, as discussed in Section 3.1, the meteorological flow for the month is not a typical example of the phase. The trajectories from Moscow show that westerly flow around the northern edge of the Siberian High is the predominant export pathway from eastern Europe as in January 1995 ( Figure 6 ). However, the major export pathway from western Europe is to the north and northwest in the strong flow between the Icelandic Low and western extension of the Siberian High to the Arctic and the North Atlantic Ocean (Figures 7-9 ). The export to the Mediterranean Basin and Africa seen in 1995 is not evident in 1996.
Long-Range Transport
We used "European" CO (i.e., CO emitted from fossil fuel combustion in Europe) to identify the major long-range transport pathways of pollution from Europe, as a 5-day trajectory indicates only the initial transport pathway. We find in the GEOS-CHEM model that the export of pollution from Europe is limited to low altitudes in winter during our study period, which is in agreement with the findings of Wild and Akimoto [2001] and Stohl et al. [2002] . In our model, there is a strong gradient in "European" CO from the boundary layer to an altitude of four kilometers in winter. The concentration of "European" CO, in general, is less than 50 ppbv at three kilometers and 20 ppbv at six kilometers above Europe, while the surface concentration is about 300 ppbv and higher. In fact, its concentration is sometimes higher in the East Asian boundary layer, greater than 70 ppbv, than above the European boundary layer. 
Impacts of Change in Fossil Fuel Emissions and Transport Variations
In this section, we use the SIM-TAGCO, SIM-FF87, and SIM-MET87 runs to understand the relative contributions of the year-to-year changes in anthropogenic emissions and transport to variations in the regional tropospheric burdens and surface concentrations of "European" CO.
The global burden of "European" CO decreases by about 36% from 39 Tg in January 1987 to 25
Tg in January 1997, approximately the same percent decrease as in anthropogenic European emissions. Declines in total model CO are seen at several of the NOAA/CMDL stations, such as Svalbard, Storhofdi, Iceland, and Constanta, Romania (Figure 3) . The decreases in observed CO at these stations are not obvious as none of the stations have records that are longer than about six years. However, there is a decrease in observed CO at stations with longer records that are also part of the NOAA/CMDL network (not shown) in the mid/high-latitudes of the Northern Hemisphere in the 1990s, which is attributed to the reduction in European emissions [Novelli et al., 2003] . We find that the NAOI, especially if it is greater than +1 or less than -1 (i.e., clearly in the positive or negative phase), can be used as a general indicator of the predominant export pathways of European pollution in our model in fall, winter and spring. Figure 12 shows the anomalies of the monthly-mean, tropospheric "European" CO burden for the same four regions as in Figure 11 versus the NAOI in winter (i.e., December-March, 1987 ; black dots), in spring (i.e., April-May; gray dots), and in fall (i.e., October-November; gray dots). We use the SIM-FF87 run for our calculations as to remove the influence of the substantial changes in fossil fuel emission rates. The wintertime anomalies for western Europe (R 2 = 0.42) and the North Atlantic (R 2 = 0.19) tend to be positive (negative) when the NAOIs are negative (positive). One can see, however, that the correlation is better when we do not take into account the neutral wintertime NAOIs (i.e., between -1 and +1). The same is true for the Arctic (R 2 = 0.14), except the correlation is positive. There is no obvious correlation for eastern Europe (R 2 = 0.08) in winter even when the NAOIs are less (greater) than -1 (+1). As seen in Figure 4b , the standard deviation of the SLPs during our study period is smaller over eastern Europe than western Europe, indicating that the NAO has less impact on transport in eastern Europe.
The export pathways for spring and fall are similar to those in winter, although the correlation between the variation in "European" CO burden and the NAOI is not as strong, in part because about twice as many NAOIs in spring and fall lie between +1 and -1 than in winter. This result is not surprising as the flow in spring and fall is dominated by the transition between the summer and winter flow patterns, causing the pressure gradients between the Icelandic Low and Azores
High to be typically lower in spring and fall than winter.
Our findings suggest that the year-to-year variations in transport need to be considered when one calculates a trend from observations of tropospheric pollutants over Europe. Figure 13 shows the January-average trend in the model "European" CO (ppbv/year) at the surface from 
Summer
The Azores High grows and expands through spring while the Icelandic Low weakens and is displaced to the west of Iceland, and by summer, the high dominates much of the flow over Europe [Wallén, 1970] . Figure 14a shows the 1987-1997 July-average SLPs and winds at 800 mb. On average, the Azores High is part of an area of high pressure that extends over western Europe where the relative strength of the flow is weak. The interannual variations in pressure during our study period are low, especially for western and southern Europe, as seen in the standard deviation of the SLPs from 1987 . This implies that advective export pathways of pollution vary less from year-to-year than in winter. Figure 14c -e show the July-average SLPs and winds at 800 mb in 1987, 1995, and 1996 . The Azores High is particularly strong in July 1996 relative to 1987 and 1995.
Advection
Figures 15, 6-9 and 16 show 5-day forward trajectories in July of 1987 July of , 1995 July of and 1996 respectively, from the same four cities as discussed in Section 3.2. We initialized parcels at a potential temperature of 295 K, which typically corresponds to the boundary layer in summer.
The [Wallén, 1970] . 
Vertical Lifting
In summer, studies have shown that convection is a minor, but non-negligible export pathway over Europe [Wild and Akimoto, 2001; Stohl et al., 2002; Traub et al., 2003] . Purvis et al [2003] reported, for example, an episode of export of hydrocarbons from the boundary layer during the EXPORT campaign in August 2000. They suggested that convection embedded within a frontal system is the dominant mechanism for pollution to be lifted to the free troposphere rather than slantwise ascent. The trajectories in July of 1987 July of , 1995 July of , and 1996 show little vertical evolution (not shown) remaining generally at pressures of 800 hPa or greater. However, the trajectory model does not represent sub-grid-scale convective transport or the effect of latent heating on vertical (diabatic) motion.
We find in our model that convection is an important pathway for the export of European pollution to the middle and upper troposphere in summer. Figure 18 because of frequent weak low-pressure systems in the area [Lydolph, 1977] . Rainfall reaches a maximum in August around the Ural Mountains as summer showers are frequent [Lydolph, 1977] . These two regions of high precipitation are evident in the July-average rainfall for the entire 11-year study period, 1987-1997 , which indicates that they are regular features ( Figure   18 ). The average maximum monthly rainfall is 50-75 mm over Germany and Russia. The standard deviation of precipitation ( Figure 18 ) is 10-25 mm over Germany and 25-50 mm over Russia, which indicates that the year-to-year variation in total rainfall is greater over Russia than Germany. Trajectories initialized at a potential temperature of 320 K (~500 mb) over the maximum areas of rainfall in Germany and Russia in July (not shown) indicate that the flow is dominated by the prevailing westerlies at that altitude. [Brunner et al., 1998 ], although it is difficult to differentiate between lightning and anthropogenic sources. Figure 19b shows the monthly-average difference in July 1994 at 500 mb in O 3 between SIM-SUM1 and SIM-SUM2, ∆O 3 , which is due only to the effects of trace gas emissions and aerosols from Europe, as the transport (i.e., advection and convection) is the same in both simulations. The ∆O 3 is greater than 4 ppbv over Germany and over a broad area of Russia, and is greater than 2 ppbv over the North Atlantic Ocean, Siberia and northern Africa. In addition to the areas of lofting over Germany and Russia, a third area of lofting is evident over northern Africa in Figure 19ab , although it is not associated with moist convection as discussed in more detail in the next section.
Africa and Near East
In this section, we focus on the transport of European pollution in summer to northern Africa and the Near East, though transport occurs year-round in the model (Figure 3) . Most of the land area of northern Africa and the Near East is sparsely populated, but there are about 200 million inhabitants, concentrated in the Nile River Valley, Turkey, and along the southern and eastern coasts of the Mediterranean Sea. As we will demonstrate in this section, European pollution makes a substantial contribution to total surface O 3 to these regions in summer.
The Mediterranean Basin is under the influence of the westerlies in winter and the quasipermanent Azores High in summer . The southward flow of air and, subsequently pollution, from Europe occurs to the Mediterranean Basin in the lower troposphere between the Alps and the Pyrenees, the Alps and the Balkans, and the Balkans and Turkish
Highlands [Leroux, 2001] . The flow is driven by the pressure difference created by the Azores High and the area of low pressure associated with the Southwest Asian monsoon [Griffiths, 1972] (Figure 14a) . Lelieveld et al. [2002] reported that 60-80% of CO in the boundary layer over the Mediterranean in summer is attributable to European sources and that the 8-hour mean O 3 standard of 55 ppbv is exceeded regularly there because of European pollution. Little lofting of pollution occurs in the Mediterranean Basin in summer as depressions are rare [Wallén, 1970] .
The flow of pollution continues from the Mediterranean Basin into Africa, mainly across Libya and Egypt as the Atlas Mountains, extending from Morocco to Tunisia, hinder the flow [Leroux, 2001] . Some of the flow from Europe goes into the Near East to the southeast of the Zagros Mountains in eastern Iran, moving over Arabia and into the northern Indian Ocean [Leroux, 2001] .
Once in northern Africa, the flow of European pollution is controlled predominantly by the Intertropical Front (ITF), which separates the Atlantic Monsoon (southwesterly, humid oceanic air) from the Harmattan Trade (northeasterly, dry continental air) in summer [Asnani, 1993; Jonquières et al., 1998; Leroux, 2001] . The humid, oceanic monsoon (0-1.5 km) flows northward from the Atlantic Ocean over hundreds of kilometers into northern Africa under the dry, continental air [Asnani, 1993; Jonquières et al., 1998; Leroux, 2001] . The leading edge of the ITF reaches nearly to the Tropic of Cancer by August. The European pollution moves to the west in the Harmattan Trade over northern Africa and, eventually, over the North Atlantic
Ocean. This flow of pollution is evident in Figure 17 as a "tongue" of "European" CO column reaching from Africa over the Atlantic Ocean. Some of the European pollution moves into the African Easterly Jet (AEJ), which flows westward at approximately 45 km/h above the oceanic air in July and is located generally between 500 and 700 mb at about 15°N, south of the surface line of the ITF [Jonquières et al., 1998; Leroux, 2001] . Almost all the "European" CO over Africa lies below 600 mb (Figure 19a ).
Little rainfall occurs near the ITF as the hot dry continental air (i.e., less dense) is uplifted by the moist cool oceanic air. Convection is suppressed typically by shearing, however squall lines can move from east to west in the region covered by the Atlantic monsoon [Asnani, 1993; Leroux, 2001] . Lifting of European pollution over northern Africa, albeit weaker than moist convective lifting, occurs via the quasi-permanent Western Saharan Low, which is situated between the Atlas and Ahaggar Mountains near the surface location of the ITF (Figure 15 ). The lifting of pollution by the low is evident in ∆O 3 at 500 mb (Figure 19ab) , which is about 5 ppbv over much of northwestern Africa.
Observations are sparse in northern Africa and the Near East during our study period. There are NOAA/CMDL stations in the Sede Boker, Israel (WIS), Tenerife, Canary Islands (IZO), which is downwind of the Sahara in the Atlantic Ocean, and Assekrem, Algeria (ASK), which is located in the Ahaggar Mountains in the south of the country (Table 2 ; Figure 3 ). The transport of European pollution to northern Africa and the Near East occurs year-round (Figure 3 ), but the CO concentration maximizes in winter in these regions partly because of the long lifetime of CO (i.e., >3 months) at that time and, subsequent, seasonal growth of its burden in the Northern
Hemisphere. The trajectory analyses presented in Figures 7-9 reveals that the southward flow of pollution occurs in January 1995 (NAO+), but not in January 1996 (NAO-). There is a secondary CO maximum in summer that is evident in the model and due to "European" sources.
However, this secondary maximum is less obvious in the short record of observations. For instance, it is seen in the model in the summers of 1996 and 1997 at Sede Boker, Israel and Assekrem, Algeria, but only seen in the observations in 1996 at the two stations. There is no evidence of the summertime maximum at the station at Tenerife, Canary Islands in either the observations or model, possibly because of the slow transport times of pollution from Europe to the site and the short lifetime of CO in summer (i.e., 3-4 weeks). 
Conclusions
We presented simulations of the GEOS-CHEM model of 3-d trace gas/aerosol chemistry and transport for 11 years, 1987-1997 , with the purpose to identify the seasonal and interannual variations of the export pathways of pollution from Europe. We conducted sensitivity simulations to examine the factors (i.e., year-to-year changes in fossil fuel emissions and meteorology) that control the interannual variations of export pathways and to assess the impact of European pollution on summertime, surface O 3 in downwind regions. The model is driven by assimilated meteorology and uses an emission inventory of trace gases specific to the study period. Its ability to capture most of the variations of observed CO in regions affected by the pollution lends confidence for its use as a tool to study the export pathways of the pollutants and their impacts on tropospheric chemistry.
The export of pollution from Europe in fall, winter, and spring from 1987 to 1997 occurred by advection by three primary pathways: i. to the northeast in the prevailing westerlies to Russia, the Russian Arctic and Siberia; ii. to the northwest to the North Atlantic Ocean and European Arctic; and iii. to the south to the North Atlantic Ocean via the Iberian Peninsula and via the Mediterranean Basin and northern Africa. As concluded in other studies, we also found that pollution export is limited generally to the lower troposphere in winter.
In summer, the export of pollution from Europe was controlled largely by the strength and position of the Azores High. The winds in summer were generally lighter than in winter as
Europe was under the influence of a ridge of high pressure associated with the Azores High. The dominant flow of pollution was to the west over Russia and to the south over the Mediterranean Basin and northern Africa. Convection was also an important mechanism for the export of pollution in summer, unlike in winter. There were two maximum areas of convection. The first was centered over Germany and Poland and the second over Russia near the Ural Mountains.
The surface pollution was lofted to the upper troposphere, a region of strong westerlies. The lofting (not associated with moist convection) of European pollution into the middle troposphere occurred over northwestern Africa by the quasi-permanent West Saharan Low. In fact, model O 3
was enhanced by as much as five ppbv on average in the middle troposphere in the regions of these three regions of lofting (i.e., Germany, Russia, and northwestern Africa).
The two dominant causes of interannual variation in the export of European pollution over our study period are variations in transport, especially associated with the NAO and convection, and changes in European anthropogenic emissions. During our study period, 1987-1997 , the NAO was in the positive phase about half of the winter months (i.e., December through March) and in the negative phase about 20%. The remaining months were neutral. In general, the export of pollution from the European source regions was more frequent when the NAO was in the positive phase as the winds were strong over Europe. Consequently, the highest levels of pollution were shifted to the northwest of the main emissions regions. Conversely, the pollution concentrations were highest over the source regions when the phase of the NAO was negative as the winds were relatively weak over the main European emission regions. The tropospheric burden of CO emitted from European sources varied by as much as ±20% over both western Europe and the North Atlantic Ocean and ±15% over the Arctic during the 11-year study period because of interannual variations in transport. When the NAO was in the positive (negative) phase, the burden of CO from Europe tended to be lower (higher) over the North Atlantic Ocean and higher (lower) over the Arctic. There were no obvious tendencies for the regional burdens when the NAO was in the neutral phase. Hoerling et al. [2001] argued that the trend in the NAO over the last 50 years is to the positive phase because there has been a progressive warming of the equatorial oceans, which has resulted in a change of atmospheric circulation that has strengthened the mid-latitude westerlies. There is a high degree of uncertainty in the prediction of the NAO, but there could be an intensification of the NAO to the positive phase as global warming takes place [IPCC, 2001 and references therein; Gillett et al., 2003 ].
On average, emissions of CO and NO x decreased by 36% and 20%, respectively, over our study period, however there were larger declines in eastern Europe, especially Russia, than western Europe. The emissions in Spain, Portugal, and Poland increased. There was a nearly linear decrease in the "European" CO burden in winter in the model with the decrease in CO emissions. "European" CO at the surface declined by more than five ppbv/year over almost all of Europe and more than 25 ppbv/year over parts of eastern Europe in a model sensitivity simulation where the effects of year-to-year variations in meteorology were removed. However, in a model simulation that included both the year-to-year variations in emissions and transport, the trend in "European" CO was actually positive for our study period over parts of western
Europe. Therefore, we conclude that it is necessary to consider both the effects of changes in emissions and year-to-year variations in transport in order to interpret trends in observed CO 
